We systematically investigate the transmission of charge carriers across the grain-boundary defects in polycrystalline graphene by means of the Landauer-Büttiker formalism within the tight-binding approximation. Calculations reveal a strong suppression of transmission at low energies upon decreasing the density of dislocations with the smallest Burger's vector b = (1, 0). The observed transport anomaly is explained from the point of view of back-scattering due to localized states of topological origin. These states are related to the gauge field associated with all dislocations characterized by b = (n, m) with n − m = 3q (q ∈ Z). Our work identifies an important source of charge-carrier scattering caused by topological defects present in large-area graphene samples produced by chemical vapor deposition. [5] [6] [7] . Recent experimental studies have shown that such extended graphene samples tend to be polycrystalline, i.e. composed of micrometer-size single-crystalline domains of varying lattice orientation [8] [9] [10] . Dislocations and grain boundaries are responsible for breaking the long-range order in polycrystals. These topological defects inevitably affect all physical properties of graphene [11] [12] [13] [14] [15] [16] [17] . In particular, it has been demonstrated experimentally that grain boundaries dramatically alter the electronic transport properties of graphene [18] [19] [20] . Understanding the effect of topological defects on chargecarrier transport in graphene is crucial for technological applications of this material in electronics, clean energy and related domains.
Since its isolation in 2004 [1] , graphene has been attracting ever-increasing attention due to its extraordinary physical properties and potential technological applications [2] [3] [4] . Early research experiments on graphene have been performed using single micrometer-scale samples obtained by micromechanical cleavage. However, technological applications require manufacturing processes that would allow for robust production at much larger scales, e.g. chemical vapor deposition technique [5] [6] [7] . Recent experimental studies have shown that such extended graphene samples tend to be polycrystalline, i.e. composed of micrometer-size single-crystalline domains of varying lattice orientation [8] [9] [10] . Dislocations and grain boundaries are responsible for breaking the long-range order in polycrystals. These topological defects inevitably affect all physical properties of graphene [11] [12] [13] [14] [15] [16] [17] . In particular, it has been demonstrated experimentally that grain boundaries dramatically alter the electronic transport properties of graphene [18] [19] [20] . Understanding the effect of topological defects on chargecarrier transport in graphene is crucial for technological applications of this material in electronics, clean energy and related domains.
According to the Read-Shockley model [21] , grain boundaries in two-dimensional crystals are equivalent to one-dimensional arrays of dislocations. In graphene, the low-energy configurations of the cores of constituent dislocations are composed of pairs of pentagons and heptagons, with the resulting Burger's vector dependent on their mutual positions [22] [23] [24] [25] . Remarkably, in certain highly ordered grain-boundary structures the conservation of momentum results in a complete suppression of the transmission of low-energy charge carriers [11] . However, it is of paramount importance to understand the factors determining the charge-carrier transmission probability in a more general situation when no symmetryrelated selection is present. For example, this is the case of grain boundaries with strongly perturbed periodic arrangement of dislocations, such as the ones observed in graphene grown by chemical vapor deposition [8, 9] .
In this Letter, we report a systematic study of the charge-carrier transmission across grain boundaries in graphene by means of the Landauer-Büttiker approach. We find that the structural topological invariant of dislocations [26] , the Burger's vector b, plays a crucial role in determining transport properties. In particular, for the case of grain boundaries formed by the minimal Burger's vector b = (1, 0) dislocations, we find an unexpected suppression of the transmission of low-energy charge carriers in the limit of small misorientation angles (or, equivalently, small dislocation densities). This counter-intuitive behavior is explained from the point of view of resonant back-scattering involving localized states of topological origin, which arise due to the gauge field created by dislocations characterized by b = (n, m) with n − m = 3q (q ∈ Z). The b = (1, 1) dislocations are shown to behave as ordinary scattering centers and have very weak effects on the electronic transport.
In our study we employ the nearest-neighbor tightbinding model Hamiltonian
where c i (c † i ) annihilates (creates) an electron at site i and i, j stands for pairs of nearest-neighbor atoms. The hopping integral t = 2.7 eV is assumed to be constant [27] . Coherent transport across grain boundaries in graphene is studied within the Landauer-Büttiker formalism which relates the conductance G(E) at a given energy E to the transmission T (E) as G(E) = G 0 T (E), with G 0 = 2e 2 /h being the conductance quantum [28] . The transmission is evaluated by means of the non-equilibrium Green's function approach using twoterminal device configurations, with contacts represented by the semi-infinite ideal graphene leads:
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employing the coupling matrices Γ L(R) for the left (right) lead given by
In these expressions H S is the Hamiltonian for the scattering region, Σ L(R) are the self-energies which couple scattering region to the leads and
and Σ L(R) on energy E and transverse momentum k || is omitted for the sake of compact notation.
We consider grain-boundary models constructed as periodic arrays of dislocations following the Read-Shockley model [21] . Only dislocations formed by pentagons and heptagons are investigated as these structures preserve the three-fold coordination of sp 2 carbon atoms thus ensuring energetically favorable configurations of defects. This construction is consistent with experimental atomic resolution images of grain boundaries in polycrystalline graphene [8, 9] . The relative positions of pentagons and heptagons defines the Burger's vectors of constituent dislocations. The Burger's vectors, their orientation with respect to the grain boundary line, and the distance between dislocation cores define the grain boundary's structural topological invariant-the misorientation angle θ = θ L + θ R . This relation allows constructing arbitrary grain boundary models, as described in Ref. 22 . Alternatively, periodic grain boundaries can be defined in terms of a pair of matching vectors (n L , m L )|(n R , m R ), introduced in Ref. 11 [ Fig. 1(a) ]. In this paper, however, we shall constrain our discussion to the Burger's vectors b and the inter-dislocation distances d in order to simplify the discussion. Figure 1 • ) with the Burger's vector of constituent dislocations oriented along the grain boundary line. In our study, we focus only on the models that do not result in transport gaps due to selection by momentum [29] .
We first focus on symmetric periodic grain boundaries formed by b = (1, 0) (=2.46Å) dislocations. Such grain boundaries are defined by pairs of matching vectors belonging to the (l, l + 1)|(l + 1, l) series (l ∈ N). Hence, d = a 0 3l(l + 1) + 1 where a 0 = 2.46Å is the lattice constant of graphene. Figure 2(a) shows the transmission probability T as a function of energy E and transverse momentum k for the first member of this sequence (l = 1) characterized by d = 6.51Å [ Fig. 1(b) ]. One clearly observes a projected Dirac cone in the irreducible half of the one-dimensional Brillouin zone corresponding to the periodic grain-boundary structure with T (k , E) 1, in agreement with previous calculations [11] . Figure 2(b) shows T (k , E) for a grain boundary characterized by l = 8 and, hence, a larger periodicity d = 36.2Å. The most evident difference between the two is the occurrence of multiple conductance channels as a result of band folding over smaller Brillouin zone. The striking feature, however, is the clear reduction of conductance close to the Dirac point energy E = 0. The counter-intuitive decrease of transmission or, equivalently, enhancement of scattering upon decreasing the density of dislocations suggests the topological origin of the observed transport behavior. Figures 2(c) and 2(d) further investigate the details of charge-carrier transmission at very low energy (E = 10 −3 t). One clearly observes a monotonic decrease of T (q ) (with q = k − (2π)/(3d) being the transverse momentum relative to the location of the projected Dirac point) as d increases [ Fig. 2(c) ]. The transmission probability of normally incident charge carriers (q = 0) exhibits an inverse power scaling law T ∝ d −γ , with an exponent γ ≈ 0.5 [dashed lines in Fig. 2(d)] . Moreover, the observed scaling law is independent of the orientation of the Burger's vectors of dislocations relative to the grain-boundary line. This was explicitly demonstrated using several models of asymmetric and degenerate grain boundaries [ Fig. 2(d) ]. The observed transport anomaly is further investigated by analyzing the local density of states (LDOS) calculated as The presence of localized states results in resonant backscattering at low energies, similar to dopants and covalent functionalization defects in graphene [30] [31] [32] [33] [34] [35] .
The origin of the localized states is related to the topological nature of defects in polycrystalline graphene. Charge carriers of momentum k encircling a dislocation with Burger's vector b gain a phase ϕ = k · b [36] . The aforementioned b = (1, 0) dislocations thus give rise to ϕ = +2π/3 and ϕ = −2π/3 for the charge carriers in valleys τ = +1 and τ = −1, respectively. Starting from the Dirac equation for a massless particle
the effect of a dislocation is accounted for by means of a gauge field A ∝ k · b [37] [38] [39] [40] . Using this continuum model, Mesaros et al. predicted that an isolated b = (1, 0) dislocation gives rise to quasi-localized modes at E = 0 [41] . The continuous model for b = (1, 0) has two low-energy solutions with the LDOS decaying as ∝ δ , one has to appreciate the fact that the finite distance between dislocations forming a grain boundary allows for the hybridization of localized states. As a result, the LDOS peaks at positive and negative energies emerge in lieu of the E = 0 peak for an isolated dislocation. As the distance between dislocations d increases, the hybridization diminishes, thus reducing the peak energies [Figs. 3(a) and 3(b)] and resulting in the progressive decrease of the transmission close to E = 0. At finite energies, however, the minimum of transmission is achieved at a certain distance between dislocations. It is worth stressing that despite the fact that our conclusions are based on periodic models of dislocations, there is no strict requirement of periodicity, in contrast to the case of suppressed conductivity due to momentum conservation [11] . This has been explicitly verified by means of supercell calculations which show that transmission is insensitive to perturbation of the periodic arrangement of dislocations in grain boundaries.
More generally, all dislocations characterized by Burger's vectors b = (n, m) with n−m = 3q (q ∈ Z) have a similar effect on charge carriers in graphene because of equal values for the k · b product for the two valleys. However, dislocations with n − m = 3q are expected to behave as ordinary (topologically trivial) scatterers since k · b = 0. We verify this statement by investigating the transmission through the grain boundaries formed by b = (1, 1) (= 4.23Å) dislocations [ Fig. 1(c) ]. Following the convention defined earlier, these grain boundaries are defined by the pairs of matching vectors belonging to (1, l + 1)|(l + 1, 1) series (l ∈ N). Figure 4(a) shows that already the first members of this family exhibit transmission probabilities close to 1, which further increase as the inter-dislocation distance d increases. Moreover, one can distinguish two families of grain-boundary structures characterized by l = 3p and l = 3p (p ∈ N) [ Fig. 4(b) ]. Within both families the effect of dislocations can be described in terms of scattering cross-sections, σ l=3p ≈ 0.5Å and σ l =3p ≈ 0.01Å. The first value is significantly larger since both Dirac points correspond to k = 0, thus enabling the intervalley scattering process upon transmission. The LDOS calculated for these grain boundary configurations show no localized states at low energies (not shown here).
To conclude, our study reveals an intriguing aspect of charge-carrier transport in topologically disordered graphene. Predicted anomalous scattering is especially pertinent to low-angle grain boundaries (d |b|) composed of dislocations with the minimal Burger's vector b = (1, 0). These dislocations are dominant in realistic samples due to the reduced elastic response [26] , and may even occur within seemingly single-crystalline domains of graphene [42] . Unlike covalently bound adatoms which also act as resonant scattering centers [31] [32] [33] [34] [35] , dislocations cannot be easily eliminated from the sample due to their topological nature and high diffusion barriers at normal conditions [43] . Our work thus identifies an important source of charge-carrier scattering in large-area samples of graphene produced by high efficiency techniques, such as the chemical vapor deposition.
